The flight trajectory of a non-spinning or slow-spinning soccer ball might fluctuate in unpredictable ways, as for example, in the many free kicks of C. Ronaldo. Such anomalous horizontal shaking or rapid falling is termed the 'knuckling effect'.
Introduction
The flight trajectory of a non-spinning or slow-spinning soccer ball can fluctuate in unpredictable ways, as, for example, in the many free kicks of C. Ronaldo.
Moreover, soccer balls often exhibit anomalous horizontal shaking or rapid falling, as a result of a phenomenon termed the 'knuckling effect' (Mehta, 1985) .
Past research on knuckle balls has been performed predominantly in the context of baseball, with investigations into the effects of the ball's flight speed, rotational velocity, rotational axis, and seams on air pressure and flight trajectory (Briggs, 1959; Adair, 1995; Watts and Bahill, 2000) .
In the case of the vortex structures of the flow around a smooth sphere, Achenbach (1974) showed that when the Reynolds number (Re) is 10
In particular, Watts and Sawyer (1975) concluded that fluctuating lateral forces might be generated if a portion of the seam is located just at the point where boundary-layer separation occurs. However, the aerodynamic properties and boundary-layer dynamics of a ball subject to the knuckling effect (knuckleball) are not well understood. 3 , complex vortex loops instead of an axisymmetric ring vortex structure are formed and when Re is 5 × 10 4 , the non-axisymmetric separation point tends to rotate. Taneda (1978) , observed flows past a sphere for Re's ranging from 10 4 to 10 6 and reported the following characteristics of vortex structures in the wake flow: When Re ranges between 10 4 and 3.8 × 10 5 , the sphere wake exhibits a progressive wave motion in a plane containing the streamwise axis through the centre of the sphere. Further, the plane rotates slowly and irregularly about that axis. The wavelength is approximately 4.5 times the sphere diameter. For Re's ranging from 3.8 × 10 5 to 10 6 , the sphere wake forms a pair of streamwise line vortices at a short distance from the streamwise 4 axis. The vortex pair rotates slowly and randomly about that axis. Sakamoto & Haniu (1995) The fundamental aerodynamics of soccer balls have been studied previously by a group that included one of the present authors, using wind-tunnel experiments (Asai et al., 2007) in which the balls were fixed in the tunnel with a constant direction of flows. However, considering the knuckling effect of anomalous horizontal shaking or rapid falling in actual flight of a soccer ball, it seems that the aerodynamic characteristics of the flow around a ball in free flight might be different from those obtained from wind tunnel experiments, since the ball's motions of shaking and falling cause unsteady fluctuations in velocity and flow direction of the relative flow.
Moreover, it may be possible that the wake structure and vortex-shedding characteristics in the state of free motion are interestingly related to the aerodynamic forces acting on a soccer ball in real flight. Therefore, to understand the phenomenon of the knuckling effect, it is necessary to perform experimental observation of flows , Yun et al. (2003) showed that the large-scale structure of the wake forms a spiral flow pattern. However, the details of vortex structure of a smooth sphere at higher Re's are still unclear. Nevertheless, to understand the unsteady phenomena observed in the free flight of a succour ball, it is important to study the effects of vortex structures at high Re's on flight features. Bearman & Harvey (1976) suggested that the vortex structure of a sports ball is closely related to its trajectory and dynamics, but the former in both the near-wake and the far-wake still remain to be investigated.
5 past a soccer ball by using flow visualisation techniques; it is also important to conduct unsteady-state analysis of the wake structures during real flights.
In this study, the vortex-shedding characteristics and far-wake structure behind a soccer ball in the state of knuckleball in actual flight were experimentally investigated by using high-speed video images and a smoke-generating agent.
Experiments
In the present study, the operation of experiments was set up outdoors and Since the images of video pictures are usually warped due to optical strains caused by the camera lens, it is necessary to remove them to obtain proper positional coordinates in analysis. Hence, each video picture image was amended by using a compensation filter based on an affine transformation, in which the effectiveness and quality of the 6 image compensation were confirmed by comparing an original image with a revised one.
The three-dimensional coordinates of the instantaneous position of a ball were estimated from the side view and top view images. The data of calculated coordinates were processed by using a low-pass filter (LPF, 5-point moving average); furthermore, to reduce the influence of noise in the digitising process, the analysing frame rate of the video picture was reduced from 1000 fps to 100 fps. After data processing, instantaneous velocity and acceleration of the ball were calculated, using first-and second-order numerical differentiation. The instantaneous lift and side forces acting on the ball were calculated from the estimated instantaneous acceleration and mass of the ball (mass=0.43 kg). In addition, the frequency of fluctuation of the lift and side forces was calculated for the time period between a pair of neighbouring peak points of the curves of the lift and side forces versus time.
Flow visualisation around a ball in flight was achieved by using a smoke technique, using titanium tetrachloride as the smoke-generating agent. Each soccer ball was brush painted with the smoke generating agent and then kicked towards the goal. Finally, the ball was collected and cleaned. The nature of airflow around the ball was revealed by the generated white smoke in photographs obtained by high-speed video cameras.
On the other hand, as there was an observed undulatory structure in the images of flow patterns of the far-wake, the frequency of appearance of the large-scale undulation was calculated by comparing the visualised flow pattern with the trace of ball's trajectory and by assuming that the convective velocity of the smoke was negligibly small in comparison with the speed of ball.
Results and Discussion
An example of the trajectory of a knuckleball, obtained from our experiments, is shown in Figure 3 . forms a distorted vortex trail in the near-wake region. It is worthy to note that the whole wake structure, consisting of a row of vortex clouds, is not similar to the characteristics of either the subcritical regime or the supercritical regime on a smooth sphere (Taneda, 1978; Achenbach, 1972) . The Reynolds number Re of the flow shown in Figure 4 was approximately 3.8 × 10 5 ; thus considering that the critical Reynolds number for a soccer ball is around 3.0 × 10 5 (Asai et al., 2007) , the flow is thought to be in the supercritical regime. However, the above mentioned large-scale vortex structure is different from that observed in the supercritical regime (Re = 6.0 × 10 5 ) of a smooth sphere (Taneda, 1978) . This dissimilarity of flow characteristics might be attributed to the difference in the critical Re, based on the differences in the 8 ball panel shapes and surface roughness, but further investigation will be necessary to clarify the effects of surface conditions of a ball on variation of the critical Reynolds number.
In order to understand the aspects of the near wake
In Figure 7 , the time history of vertical force (lift force) acting on the ball calculated from the data of its displacements is shown together with the flight trajectory of the knuckleball, in which the side viewed picture of the undulatory flow pattern of the wake is superposed. It is known from this figure that although the largescale undulation path of the wake (streak line) is different from that of the ball of a ball exhibiting large-scale undulations, zoomed-in video images were used, as shown in Figure 5 , and it was interestingly observed that the position of the separation point of the boundary layer seems to have moved further downstream than that of the subcritical region.
Therefore, it appears that the ball was flying at Reynolds numbers in the supercritical region. On the other hand, the vortex structure of the deflecting wake flow in the vicinity of the ball was sometimes similar to a hairpin vortex or a horseshoe vortex, as shown in Figure 6 ; this type of structure, however, was very unstable as shown in In the case of a baseball, fluctuating lateral forces acting on a knuckle ball are highly dependent upon the effects of the ball's seam, and are greatly affected by the ball's rotation rate (Watts and Sawyer, 1975) . The effects of rotation are likely to be comparatively small, however, for a slowly rotating soccer ball (Table 1) . Therefore, it can be concluded that the large-scale vortex undulation phenomenon is caused by the unsteady characteristics of the lift and side forces acting on a knuckleball.
Although the mechanism of the appearance of the unsteadiness in aerodynamic forces is not clear, it seems that the instability of separation of boundary layers might be increased by the knuckling effect of the soccer ball. The results of the present experiments clearly suggests that the ball kicking technique, which controls the 10 generation of large-scale undulations in the vortex trail, determines whether a straight ball or a knuckleball is produced.
Conclusions
In this study, to analyse the knuckling effect of a soccer ball in actual flight, the characteristics of the unsteady wake structure were experimentally investigated by 
